Group A streptococci (GAS) are highly pathogenic for humans, and their closest genetic relatives, group C and G streptococci (GCS and GGS, respectively), are generally regarded as commensals, although they can be found in association with human disease. As part of an effort to better understand the evolution of virulence, the phylogenetic relationships between GAS, GCS, and GGS were examined. The nucleotide sequence was determined for an internal portion of seven housekeeping (neutral) loci among >200 isolates of GAS and 34 isolates of GCS or GGS obtained from human subjects. Genotypic analysis failed to show support for the separation of GCS and GGS into two distinct populations. Unlike GAS, there was poor concordance between emm type and genetic relatedness among GCS and GGS. All housekeeping genes within GAS displayed relatively low levels of sequence diversity. In contrast, individual GCS and GGS strains had mosaic genomes, containing alleles at some loci that were similar or identical to GAS alleles, whereas the alleles at other loci were about 10 to 30% diverged. The data provide evidence for a history of recent interspecies transfer of neutral genes that exhibits a strong net directionality from GAS donors to GCS and GGS recipients. A model for the evolution of GAS and of GCS and GGS is described.
The beta-hemolytic, large-colony-forming streptococci which bear group C or G carbohydrate are usually found in association with humans as part of the normal flora, and for this reason, they are widely regarded as being commensal or commensal-like organisms (23, 37) . However, there are also numerous reports showing an association of group C streptococci (GCS) or group G streptococci (GGS) with outbreaks of pharyngitis or sporadic cases of severe invasive disease (5, 6, 12, 31, 45) . In many ways, the human diseases caused by GCS and GGS-which can also include impetigo, cellulitis, and nephritis-closely resemble infections due to the widely prevalent bacterial pathogen Streptococcus pyogenes, also known as group A streptococci (GAS). In some parts of the world, rates for asymptomatic throat carriage of GCS and GGS far exceed the rates for GAS, yet at the same time, the known contribution of GCS and GGS to disease remains below that for GAS (36) .
GAS, GCS, and GGS share several properties that potentially contribute to human infection (reviewed in references 7 and 30). All of the organisms possess genes (emm) encoding M proteins (10, 39) , which form surface fibrils and can act as key virulence factors in GAS. The emm genes of GCS and GGS display sequence heterogeneity at their 5Ј ends, giving rise to at least 30 distinct emm sequence types (www.cdc.gov/ncidod /biotech/strep/strains.html). For GAS, Ͼ150 emm types are recognized, and antibodies directed to M-type-specific epitopes, located at the fibril tips, can confer protective immunity (11, 28) . Infections caused by GAS, GCS, and GGS can be associated with a rise in antibody titers to streptolysin O (4, 23) . Other shared, putative virulence factors include streptokinase, C5a peptidase, binding proteins for fibronectin, plasminogen and immunoglobulins, and a hyaluronic acid capsule (8, 25, 27, 35, 41) . Perhaps the best evidence for interspecies transfer of virulence loci between GAS and GCS or GGS involves the emm gene (40, 44) and streptokinase gene (25) .
A fundamental objective in the study of bacterial pathogenesis is to understand why related organisms differ in their virulence properties. One approach towards this goal is to compare the gene content of pathogenic and commensal species that evolved along distinct pathways yet remain close genetic relatives. Many adaptive loci, such as emm and other virulence genes, frequently undergo diversifying or purifying selection, and as a result, the ancestral relationships between isolates can be difficult to decipher using these loci. Phylogenetic histories are easiest to trace for genes that are both vital to the bacterial cell and selectively neutral, such as the housekeeping loci, which perform general maintenance functions. In this report, phylogenetic relationships between the alleles at multiple housekeeping loci are used to construct a model for the evolution of group A, C, and G streptococci. who kindly provided accompanying epidemiological information; the strain designations are NCTC 5370, 11552, 11553, 11557, 11566, and 11569, respectively (http://www.phls.co.uk/services/nctc) (13) . Two isolates originated from the Lancefield collection (SS957 [B337] and SS188 [C74]). All GAS isolates were previously described (14) .
emm sequence typing. The emm sequence type was determined for the GCS and GGS isolates in accordance with methods used for GAS with the same universal oligonucleotide primers (1, 15) . A unique emm type is defined as having Ͻ95% sequence identity to any other known emm type over 160 bp near the 5Ј end; indels of greater than four codons or frameshift mutations relative to the reference emm typing strain were not encountered. One newly recognized emm type, emmstC957, was deposited in GenBank (accession no. AF332809). A listing of emm types found in association with GCS and GGS is maintained on the Internet (www.cdc.gov/ncidod/biotech/strep/strains.html).
MLST. For multilocus sequence typing (MLST), chromosomal DNA was prepared from freshly grown GCS and GGS isolates by the mutanolysin procedure, as previously described for GAS (2, 14) . Internal fragments (ϳ400 to 500 bp) of seven housekeeping genes, encoding putative glucose kinase (gki), glutamine transport protein (gtr), glutamate racemase (murI), mismatch repair enzyme (mutS), transketolase (recP), xanthine phosphoribosyltransferase (xpt), and acetylcoenzyme A acetyltransferase (yqiL), were amplified by PCR using primer pairs designed for GAS loci, as previously described (14) .
Primer pairs for two of the loci (gtr and yqiL) failed to amplify the gene fragments for many of the GCS and GGS isolates. Therefore, alternative sets of primers were designed using sequence information from the Streptococcus equi subsp. equi genome sequencing project (www.sanger.ac.uk). To confirm that the fragments amplified by these alternative primers were homologous to the gtr or yqiL locus of GAS, their sequences underwent a TBlastX search analysis (translated nucleotide [nt] comparisons) with both the GenBank and GAS genome sequence (www.genome.ou.edu) databases; the amino acid identity with GAS alleles was ϳ91 and 77% for the alternative gtr and yqiL fragments, respectively. Alternative primers used for amplification of gtr and yqiL from GCS and GGS which failed to amplify with the GAS primers are as follows: gtr(CG)-up, 5Ј-TTT ACT TCG TAC CAT GAA CCT TCT T-3Ј; gtr(CG)-dn, 5Ј-GAC CAT AGT CAT CCC AGA TTT AGC-3Ј; yqiL(CG)-up, 5Ј-ACG AAA TTG TCC CTG TCT CTG T-3Ј; and yqiL(CG)-dn, 5Ј-AAA GTG TTG CTA GTC CTC TGG TTA C-3Ј. In order to confirm that the alternative primers amplified GCS and GGS loci that were equivalent to the GAS gtr and yqiL loci, it could be shown that each GCS and GGS isolate was amplified by one primer pair or the other (GAS or alternative primers), but not by both pairs. As a control, gtr and yqiL loci of GAS strain ATCC 700294 were shown to amplify with the GAS-like primer pairs only.
The PCR amplifications were performed in volumes of 50 l for 30 cycles, with an initial denaturation at 94°C for 1 min (4 min for first cycle only), annealing at 52°C for 1 min (except for murI primers, which were annealed at 46°C), and extension at 72°C for 1 min. The amplified DNA fragments were confirmed for expected size by agarose gel electrophoresis and were subsequently purified and subjected to nt sequence determination as previously described (14) , with the same primers used for PCR amplification.
To ensure the accuracy of the nt sequences obtained for the housekeeping loci, verification steps were taken. Of the 238 housekeeping alleles characterized for the 34 GCS and GGS isolates, 54 alleles underwent nt sequencing a second time to rule out possible cross-contamination of DNA template. For these checks, three to five colonies of bacteria, freshly grown on agar plates, were suspended in distilled water and boiled for 10 min to release template DNA, which was used immediately for PCR amplification. For each fresh culture, group carbohydrate a Isolation of a GCS or GGS organism from a subject with noninvasive disease does not necessarily imply that the organism caused that disease. Sterile, a normally sterile site; URT, upper respiratory tract; ARF, acute rheumatic fever. ND, not determined.
b UK, United Kingdom. c Allele assignments in bold are assigned to cluster II, whereas the allele in bold italics (recP116) is highly divergent from both sequence similarity clusters I and II (see Table 3 and Fig. 2 ).
composition was also reconfirmed. Loci selected for verification included one representative of each GAS-like cluster I allele; for isolates sharing an emm type, many of the cluster II alleles that differed from the majority of strains of that emm type were sequenced a second time. Verification data were 100% concordant with the first set of data.
For each locus, every different sequence was assigned a distinct allele number, and each isolate was defined by a series of seven integers (the allelic profile) corresponding to the alleles at the seven loci, in the order gki-gtr-murI-mutSrecP-xpt-yqiL. The allelic profile defines the sequence type (ST). Alleles from GCS and GGS isolates were given numeric assignments beginning with 101 irrespective of whether an identical allele had been previously identified in GAS (GAS allele assignments are two-digit, beginning with 01). Because of sequence ambiguities at the ends of the gtr fragment, trim points were adjusted to yield a slightly shorter (430 bp) sequence; however, none of the previously described gtr alleles from GAS had nt substitutions in the portions of the gene that were trimmed (14) .
Computations and phylogenetic analysis. A matrix of pairwise differences in allelic profiles was constructed, and the similarities between the allelic profiles of the isolates were assessed by cluster analysis using the unweighted pair-group method with arithmetic averages (UPGMA) and the percent disagreement distance measure (Statistica version 5.5; StatSoft, Tulsa, Okla.).
The maximum percent nt divergence between pairs of alleles at a given locus was calculated using Mega version 2.0 (http://www.megasoftware.net).
The index of association (32) was used to test for linkage disequilibrium between alleles at the seven housekeeping loci (START version 1.1; http://www .mlst.net). The observed variance in the distribution of allelic mismatches in all pairwise comparisons of the allelic profiles was compared to that expected in a freely recombining population (linkage equilibrium). The significance of the difference in the observed and expected variance was evaluated by computing the maximum variance in the distribution of allelic mismatches obtained using 100 randomizations of the data set. Significant linkage disequilibrium was established if the observed variance obtained with the actual data was greater than that found with any of the 100 randomized data sets; otherwise there was no evidence of a departure from linkage equilibrium.
Phylogenetic trees of the nt sequences from each housekeeping locus were constructed using the maximum likelihood (ML) method available in the PAUP* package (version 4.0; Sinaver Associates, Mass.). Start-up trees were obtained using the neighbor-joining method. ML trees were reconstructed using optimized values for the transition-transversion ratio and ␣ parameter, which describes the extent of rate variation among nt sites assuming a discrete gamma distribution with eight categories; both were estimated from the empirical data during tree constructions. Optimization of the desired evolutionary model of DNA substitution and the parameters was done using hierarchical likelihood ratio tests (21) , with the aid of MODELTEST version 3.0 (38) . To determine the significance of the observed groupings, bootstrap analysis with 1,000 replicates was performed, using trees reconstructed by the neighbor-joining method to avoid excessive computational time, while incorporating the same ML substitution parameters. Phylogenetic trees were visualized using TreeView (version 1.6; http://www .taxonomy.zoology.gla.ac.uk/rod/rod.html).
Split decomposition analysis was performed using SplitsTree (version 3.1) and uncorrected Hamming distance measures (22) .
RESULTS
Taxonomic classification based on phenotypic traits. All GCS and GGS isolates evaluated in this report were obtained from human subjects, and the vast majority were known to be associated with disease (Table 1 ). They were assigned as GCS or GGS by their reactivity with the group C-or group G-specific carbohydrate antiserum. The 34 GCS and GGS isolates are best classified as Streptococcus dysgalactiae subsp. equisimilis on the basis of a negative test for pyrrolidonyl arylamidase production (Streptococcus pyogenes gives a positive test) and bacitracin resistance (S. pyogenes is sensitive), although one GGS strain (3296) was partially sensitive to bacitracin; in addition, all 34 GCS and GGS isolates were negative for acid production following growth in the presence of either sorbitol or glycogen, but positive for acid production with trehalose. Whether human isolates of GCS displaying these phenotypes are best placed in the S. dysgalactiae complex along with their GGS counterparts or should be classified as S. equi subsp. equisimilis has been controversial (46, 47) . As will be shown in this report, the group C isolates under study have genotypes similar to those of the group G isolates of S. dysgalactiae subsp. equisimilis, and herein, the 34 GCS and GGS isolates will be regarded as falling under this classification.
MLST of GCS and GGS. In a recent study, MLST of 212 GAS (S. pyogenes) isolates was performed by determining the nt sequence of an internal portion of seven housekeeping loci (14) . In an effort to assess the phylogenetic relationships between GAS and it close genetic relatives GCS and GGS, the same seven housekeeping loci (gki, gtr, murI, mutS, recP, xpt, and yqiL) were used for MLST analysis of GCS and GGS. A total of 16 GCS and 18 GGS isolates of S. dysgalactiae subsp. equisimilis were selected for study (Table 1 ). This set of isolates represents 18 of the ϳ30 known emm types that have been found in association with GCS or GGS (www.cdc.gov/ncidod /biotech/strep/strains.html) and, by this measure, constitute a heterogeneous sample. However, the majority of isolates were recovered from cases of invasive disease and therefore may not be representative of strains collected by population-based sampling of all tissue sites.
As with the MLST scheme for GAS, for a given housekeeping locus, sequences differing from all others by 1 nt or more were given a new allele assignment. Among the 34 GCS and GGS isolates studied, the number of alleles per locus ranged from 6 (for mutS) to 16 (for gtr, recP, and yqiL) ( Table 2 ). For the 34 GCS and GGS isolates examined, 34 unique combinations of allelic profiles (STs) were obtained (Table 1) . Each allelic profile is regarded as a unique strain or clone.
The average number of alleles per locus was 13, and therefore, MLST is able to distinguish Ͼ10 7 allelic profiles among a For GCS and GGS isolates, the gtr locus was truncated to 430 bp (20 bp smaller than that originally reported for GAS). The allele recP116 from GGS strain 4236 formed a third cluster (not assigned to either cluster I or II) and is excluded from the maximal divergence calculations.
GCS and GGS. No isolate was found to have the combination of the most frequently occurring allele at each locus. Since only 34 isolates were evaluated for this study, it is anticipated that many more alleles exist in nature and remain to be identified. Thus, the resolving power of the MLST scheme for GCS and GGS should prove to be very considerably higher.
A matrix of pairwise differences in allelic profiles was determined, and a dendrogram displaying the genetic distance between the 34 GCS and GGS isolates was constructed by cluster analysis using UPGMA (Fig. 1) . Of the 18 emm types, 9 emm types are represented by more than one isolate; 25 of the 34 isolates are of an emm type having more than one representative within the set. Among these 25 isolates, only 2 of the same emm type (isolates 4966 and SS1069, emmstC839) were closely related in genotype, sharing alleles at five of seven housekeeping loci. The two most closely related isolates among the set of 34 strains are SS1069 (emmstC839) and 5341 (emmst93464), which share six of seven housekeeping alleles; both are GCS. These findings are in sharp contrast to the data observed for GAS, where the vast majority of isolates of a single emm type are members of a single clone or clonal complex, even when recovered from their human host several decades apart (14) .
For each of the seven housekeeping loci, there are examples of alleles shared by both GCS and GGS (Table 1) . Furthermore, some emm types were observed in association with both GCS and GGS isolates (emmstC36, emmstC74a, emmstG485, emmstG643, and emmstG653). The GCS and GGS isolates were not resolved by MLST into two distinct clusters (Fig. 1) . However, there were two prominent clusters of GCS strains, formed at genetic linkage distances of ϳ0.5 and 0.75, and one large cluster of GGS isolates branching from a node at a linkage distance of ϳ0.65 (indicated by asterisks). A dendrogram was also constructed for the combined GAS (100 STs) and GCS-GGS (34 STs) data sets. With one exception (strain 4236), all GCS-GGS isolates were resolved from all GAS isolates (data not shown). Strain 4236 clustered with the GAS isolates, as the alleles at both murI and mutS were identical to alleles present among GAS, and the allelic profile of this strain had two of seven loci in common with five GAS STs.
The extent of recombination among the set of 34 GCS and GGS isolates was assessed by the index of association (32) . Using all 34 isolates in the calculation, no significant departure from linkage equilibrium among housekeeping loci was observed. The data suggest that the alleles in GCS and GGS undergo high rates of genetic recombination which are sufficient to eliminate any association between the alleles at different loci.
Phylogenetic analysis of housekeeping loci of GAS, GCS, and GGS. In MLST, the alleles of each housekeeping locus are regarded as character states, having unique integer assignments that do not take into account the level of nt sequence divergence between alleles. The relationships between GAS, GCS, and GGS were analyzed further by using the nt sequences of the alleles at the seven loci used in MLST.
In an earlier report on the MLST of 212 GAS isolates, using the same set of housekeeping loci, the maximal divergence in nt sequence between any pair of alleles at each locus ranged from 1.4% (for yqiL and murI) to 6.1% (for recP). In sharp contrast, four of the seven housekeeping loci (gki, gtr, murI, and yqiL) exhibited high levels of maximal nt sequence divergence within the GCS and GGS set, ranging from ϳ10 to 30% (Table 2 ). There is no obvious relationship between the degree of nt sequence divergence within a locus and relative chromosomal position, based on the genome map derived from GAS strain 700294 (14) (www.genome.ou.edu). The maximal percent nt divergence within GCS and GGS was similar in magnitude to the maximal percent divergence between alleles from GAS and GCS or GGS isolates (Table 2) . Compared to GAS, the GCS and GGS housekeeping loci display a much greater degree of sequence diversity.
ML trees were constructed for each of the seven housekeeping loci and included all known GAS (14) and GCS-GGS alleles (Fig. 2 for mutS, xpt, and yqiL; trees for the other four loci are available from the authors upon request). None of the seven gene trees resolved all of the GAS alleles from all of the GCS-GGS alleles. Importantly, GCS alleles were not resolved from GGS alleles; at each locus, there were alleles shared by both GCS and GGS. The trees for gki, gtr, murI, mutS, and yqiL show two strongly supported clusters representing GAS (sequence similarity cluster I) and GCS-GGS (sequence similarity cluster II) alleles. These two groups of alleles are also evident from visual inspection of the distribution of the polymorphic nt Unrooted radial gene trees, generated by the ML method, contain all reported GAS alleles (14) and all GCS-GGS alleles listed in Table 1 . Bootstrap values of Ն80% are indicated; GCS-GGS alleles are highlighted in bold. One highly divergent allele listed in Table 1 (recP116) falls outside of sequence similarity clusters I and II. The most appropriate models for DNA substitution were determined to be as follows: HKY85 (for mutS, recP, and yqiL), HKY85ϩG (for gtr, murI, and xpt), and TrNϩIϩG (for gki). Scale bars indicate the number of nt substitutions per site. Trees are shown for mutS, xpt, and yqiL; the complete set of gene trees for all housekeeping loci is available from the authors upon request. sites (Fig. 3 for yqiL and mutS; alignments of polymorphic nt sites for other loci are available from the authors upon request). However, in each of the gene trees, some GCS-GGS alleles are grouped with the GAS cluster I alleles (ranging from 10% of the total alleles for gki to 38% for yqiL; Table 3) , and in several instances, identical alleles were found within GAS and GCS-GGS isolates (Table 4) . In all instances, sequence similarity clusters I and II were supported by bootstrap values of 100%. The maximal percent divergence within cluster I or within cluster II for each of these five housekeeping loci ranged from 0.7 to 4.0% (Table 3) .
The ML tree for xpt alleles (Fig. 2) and visual examination of the polymorphic sites (Fig. 3) do not show the clear distinction into GAS-like (cluster I) and GCS-GGS-like (cluster II) alleles that was observed for gki, gtr, murI, mutS, and yqiL. The rather uniform alleles that were typically present in GAS, and which were also present in some GCS-GGS, were considered cluster I alleles (Fig. 2) . Alleles xpt114 and xpt115 (cluster IIb) were found only in GCS and GGS and were clearly distinct from the cluster I alleles. GCS-GGS alleles xpt108 through xpt113 (cluster IIa) were also distinct from cluster I, although two GAS alleles that shared some or all of the distinctive run of polymorphisms between nt 309 and 366 were evident (xpt28 and xpt29). However, when considered separately, cluster IIa and IIb alleles each displayed lower values of maximal nt divergence with cluster I alleles than with each other (Table 3) . Intragenic recombination or networked evolution involving xpt alleles from GAS and GCS-GGS is supported by split decomposition analysis (Fig. 4) . Overall, the divergence between all xpt alleles is rather low (Tables 2 and 3) , and there was less distinction between the alleles present in GAS and GCS-GGS than for the other loci.
The ML tree for recP provides a clear example of some GAS alleles (recP07, recP15, recP21, and recP29) that are grouped in cluster II. This assignment is supported by high bootstrap values and can be clearly observed by visual inspection of the polymorphic sites (Fig. 3) . As with xpt alleles, a history of intragenic recombination between recP loci of GAS and GCS-GGS is supported by split decomposition analysis. Like xpt, the maximal divergence between cluster I and II recP alleles is relatively low (7.6%) and not much higher than the maximal divergence within each cluster (Table 3) . One highly divergent recP allele (recP116) was found in a single strain (4236). This allele differed from all the other GCS-GGS alleles at 48 to 50% of nt sites.
Mosaic genomes of GCS and GGS. Housekeeping loci have been shown to be relatively uniform in GAS; unusually divergent alleles are only found at recP and were ascribed to the introduction of diverged sequences from closely related species (14) . The uniformity of GAS housekeeping genes suggests that interspecies recombinational exchanges have been rare in this species. In sharp contrast, the 34 GCS and GGS isolates under evaluation exhibit a wide range in their content of sequence similarity cluster I and II alleles. Six strains have four cluster I alleles, involving four different combinations of loci; both GCS and GGS isolates are included in this group, and four emm types are represented (Table 1) . Four isolates have three cluster I alleles and include both GCS and GGS strains. Only five strains were completely devoid of cluster I alleles at all seven housekeeping loci. The most likely explanation for the mosaic genomes of GCS and GGS isolates is that some loci received recombinational replacements from different species.
The distribution of cluster I and II alleles among GCS and GGS isolates fails to provide evidence that they represent two genetically distant populations. Cluster I alleles of the gtr, mutS, recP, xpt, and yqiL housekeeping loci were found among both GCS and GGS (Table 1, Fig. 2 ). The four cluster I alleles of murI were restricted to four GGS isolates; however, two were found in GGS isolates that were outside the principal GGS cluster constructed by pairwise differences in the allelic profiles assigned by MLST (Fig. 1) . For all loci, sequence similarity cluster II alleles were distributed among both GCS and GGS strains ( Table 1) . In many instances, identical alleles were found in both GCS and GGS isolates. These include six cluster I and 17 cluster II alleles; all seven housekeeping loci were represented. Based on these data, neither the nature nor the extent of genome mosaicism appears to be different for GCS versus GGS isolates.
A total of 16 housekeeping alleles were identical among GAS and GCS-GGS (Table 4 ). Many of these shared alleles were highly abundant within the set of 212 GAS isolates, present in 10 to Ͼ25% of the total GAS isolates evaluated (gtr06/gtr102, murI02/murI104, murI04/murI101, murI08/murI102, recP02/recP105, recP04/recP106, xpt02/xpt103, yqiL01/yqiL105, and yqiL04/yqiL102). Of the 16 alleles shared by GCS-GGS and GAS, 11 were represented by three or more distinct emm types among GAS, and therefore, the high allelic frequencies observed in GAS are not strictly a reflection of a single dominant clone. Among the set of 34 GCS-GGS isolates, none of the shared alleles exceeded a frequency of 0.09.
Besides the 16 identical cluster I alleles, there were also cluster I alleles found in GCS-GGS isolates that were almost identical to known GAS alleles ( Fig. 2 and 3) . The set of 212 GAS isolates represent only half of the known emm types, and some of the GCS-GGS cluster I alleles may correspond to GAS alleles that have not yet been sampled. If this is the case, many of the variable sites in the GAS-like alleles should be found in the known GAS alleles, albeit in different combinations. Among the 14 cluster I alleles in GCS-GGS isolates that were similar but not identical to known GAS alleles, 64 of the 75 variable sites corresponded to polymorphisms present within GAS alleles. For the recP locus, it is likely that the four divergent alleles in the GAS isolates have been introduced from GCS or GGS. None of these divergent GAS alleles were identical to alleles in GCS or GGS, but all were very similar; of the 88 variable sites within the four GAS divergent alleles (recP7, recP15, recP21, and recP29), 77 were polymorphisms that are present in GCS-GGS alleles.
DISCUSSION
Historically, it has been suggested that human isolates of GCS and GGS should be separately classified as S. equi subsp. equisimilis and S. dysgalactiae subsp. equisimilis, respectively, based on differences in group carbohydrate. However, their homogeneity in other phenotypic traits supports their placement in a single taxonomic category (46, 47) . The findings of this report show that the genetic difference between GCS and GGS isolates is roughly the same as the differences within the GCS or GGS subsets of isolates. Thus, there is no known FIG. 3 . Polymorphic nt sites among housekeeping alleles of GAS, GCS, and GGS. Polymorphic nt sites are shown for selected GCS and GGS alleles (three digits) and GAS alleles (two digits) (14) . GCS-GGS alleles identical to a GAS allele are indicated. GenBank accession numbers for all GCS-GGS alleles listed in Table 1 are as follows: AF332626 to AF3326351 (gki), AF332636 to AF332651 (gtr), AF332797 to AF332808 (murI), AF330232 to AF330237 (mutS), AF332810 to AF332825 (recP), AF332826 to AF33284 (xpt), and AF332841 to AF332856 (yqiL). The gtr alleles are truncated 7 bp at the 5Ј end (and 13 bp at the 3Ј end) relative to the gtr alleles from GAS, as reported previously. Alignments are shown for some alleles of mutS, recP, xpt, and yqiL; the complete set of alignments for polymorphic nt sites among all GAS and GCS-GGS alleles is available from the authors upon request.
genetic basis for the separate classification of these particular GCS and GGS strains with the exception of genes encoding the group carbohydrate biosynthesis enzymes themselves, which remain to be characterized. The combined genotypic and phenotypic data support the singular grouping of the 34 GCS-GGS isolates as S. dysgalactiae subsp. equisimilis.
Despite their shared classification as S. dysgalactiae subsp. equisimilis, the 34 GCS and GGS isolates display wide variation in their phylogenetic relationships at the seven housekeeping loci. The maximal nt sequence divergence among alleles (excluding recP116) at a given locus ranges from ϳ5 to 32%. At most loci, GCS-GGS alleles segregate neatly into two sequence similarity clusters, whereby the maximal nt sequence divergence within a cluster ranges from 0.7 to 2.2% for cluster I alleles (excluding gki, which has only one cluster I allele) and from 0.7 to 4.9% for cluster II alleles. Furthermore, the 34 GCS and GGS isolates are highly heterogeneous in their overall content of cluster I and II alleles. The mosaic nature of the genomes of individual GCG and GGS isolates indicates that different loci have different evolutionary histories, and this can be most readily explained by interspecies recombinational exchanges.
In sharp contrast to the 34 GCS and GGS isolates, the diverse set of 212 GAS (S. pyogenes) isolates is nearly uniform in nt sequence at each housekeeping locus, with maximal divergence of Ͻ3.0% at all loci except recP (6.1%) (14) . The relatively low levels of sequence diversity within each housekeeping locus of the GAS isolates suggest that introduction of alleles by interspecies recombination is rare. It was previously suggested that the diverged recP alleles found among a few GAS isolates arose via importation of DNA from a closely related species (14) . The similarity of the diverged recP alleles of GAS to the most typical alleles found among GCS and GGS suggests that they were introduced into GAS from GCS-GGS strains.
At most housekeeping loci, the alleles that are most prevalent in the GCS-GGS isolates (i.e., cluster II alleles) are highly a Includes all alleles assigned to cluster I or II. The allele recP116 from GGS strain 4236 formed a third cluster (not assigned to either cluster I or II) and is excluded from this analysis. Cluster II alleles of xpt form two distinct groups (cluster IIa and IIb); the maximal divergence between clusters I and IIa is 3.0%, and that between clusters I and IIb is 3.7%. a Analysis includes 34 isolates of GCS and GGS (S. dysgalactiae subsp. equisimilis) and 212 isolates of GAS. Minimum possible allelic frequencies are 0.0294 and 0.0047 for GCS-GGS and GAS, respectively.
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EVOLUTION OF GROUP A, C, AND G STREPTOCOCCI 4865 divergent from those in GAS. However, at each of the seven housekeeping loci, there are one or more GCS-GGS alleles that are highly similar or identical to alleles found in GAS isolates; most GCS and GGS isolates possess GAS-like alleles (i.e., cluster I) at one or more loci. Since cluster II alleles are far more prevalent among GCS and GGS, we assume that they represent the clonal frame DNA (33) for this species, whereas the GCS-GGS alleles that are highly similar or identical to GAS alleles were imported from GAS donors during cocolonization or coinfection. Homologous recombination between genes having overall sequence divergence of 20 to 30%, as in the case of gtr, murI, and yqiL cluster I alleles (from GAS donors) and cluster II alleles (in GCS-GGS recipients), is not unprecedented in bacteria (29, 43) . The identification of 16 alleles (at six different loci) in GCS and GGS that are identical in sequence to GAS alleles suggests that many of the interspecies recombinational exchanges occurred recently, since there were no additional nt changes at the locus since their transfer. The proposed direction for most horizontal gene movements-from GAS donors to GCS and GGS recipients-is supported by the observed prevalence of shared alleles among GAS and GCS-GGS; since these transfers must have occurred recently, the population with the highest prevalence of the allele is most likely to be the donor. Of the 16 shared alleles, 9 are highly prevalent within GAS, being present in ϳ10 to 25% of the 212 GAS isolates sampled, whereas 13 of the shared alleles were present in only a single GCS or GGS isolate. The finding of GCS-GGS-like (cluster II) alleles of recP in a few GAS isolates (representing emm types 4 and 49 only) provides evidence that gene flow in the opposite direction, from GCS-GGS to GAS, can also occur.
The ability of some bacteria to acquire DNA by homologous recombination from other bacterial species via horizontal transfer can blur the definition of what constitutes a species. Clearly, no single gene tree provides an accurate indicator of the phylogenetic relationships between GAS, GCS, and GGS. Depending on the isolates and housekeeping locus, GAS, GCS, and GGS could appear to be indistinguishable or as much as 32% diverged in sequence. A blurring of taxonomic boundaries has been noted for human-commensal Neisseria species, also as a consequence of interspecies recombination (42) . Sequences characteristic of Neisseria lactamica and Neisseria cinerea (and other human-commensal Neisseria spp.) are commonly found within Neisseria meningitidis housekeeping genes, and vice versa (50; E. J. Feil, J. Zhou, and B. G. Spratt, unpublished data). The phylogenetic relationships inferred from analysis of housekeeping genes of some viridans streptococci are also suggestive of a history of interspecies recombination (49) . The difficulties encountered in unambiguously defining the taxonomy and phylogenetic relationships among FIG. 4 . Split decomposition analysis. The effect of recombination on evolutionary relationships was assessed by split decomposition (19, 22, 42) . This method depicts multiple pathways linking sequences and allows visualization of the extent of conflicting phylogenetic signals. Thus, recombinational events are depicted as an interconnected network of phylogenetic relationships. A lack of treelike structure was evident for both recP and xpt alleles; splits graphs for recP are available upon request fron the authors. This finding was consistent with the visual inspection of polymorphic nt sites (Fig. 3) . Annotated split decomposition graphs are shown for xpt. Graph on the left includes all alleles except xpt112 through xpt115 (all cluster II); these alleles were removed because their long branch lengths prevented resolution of central networks. Uncorrected Hamming distances were used; similar results were obtained with other estimated distance measures (Kimura 3-ST model and Jukes-Cantor). Branch lengths are drawn to scale. The fit parameters improved after the additional removal of alleles representing the longer branches, resulting in further resolution of inner branches (splits graph shown to the right). For xpt (right graph), removed alleles are the remaining cluster II alleles (xpt108 through xpt111, xpt28, and xpt29). A fit parameter of 100% indicates that all phylogenetic information is represented by the graph. Splits graphs containing cluster I and II alleles for each of the gki, gtr, murI, mutS, and yqiL loci showed no evidence of networking.
closely related Neisseria and viridans streptococci may, as in the case of S. dysgalactaie subsp. equisimilis, be rooted in the mosaic structure of the genomes of these organisms.
Despite close parallels between GCS-GGS and Neisseria spp. in terms of a key role for interspecies recombination in their evolution, there is also an important distinction. N. meningitidis has a broad range of sequence divergence between the alleles at each housekeeping locus and very clear evidence of mosaic gene structure, suggesting a long history of highly localized, intragenic recombinational events. In contrast, there is very sharp divergence between cluster I and II alleles at most loci of GCS and GGS, with an absence of alleles having intermediate levels of divergence, indicating that the importation of GAS alleles into GCS and GGS is a recent event.
The evolutionary model best supported by the findings of this report is that GAS (S. pyogenes) and GCS and GGS (S. dysgalactiae subsp. equisimilis) diverged in the relatively distant past and evolved along separate paths, which is reflected in the observed differences between the cluster I and cluster II housekeeping alleles (Fig. 5) . Recently, genetic exchange with GAS isolates resulted in the replacement of the GCS-GGS alleles at some loci with those from GAS, to produce the mosaic genomes observed among the human isolates of GCS-GGS. The triggering event for the proposed recent gene movement between GAS and GCS-GGS is unknown. Humans are believed to be the sole biological host for S. pyogenes, whereas many beta-hemolytic streptococcal species bearing group C or G carbohydrate and forming large colonies, such as the S. equi complex, S. dysgalactiae subsp. dysgalactiae, and S. canis, are usually found in animals, including horses, dogs, and cattle. The increased exposure of humans to animals, which followed their domestication ϳ10,000 years ago, may have led to an expanded ecological niche for a few clones from streptococcal species previously associated only with animals. This, in turn, may have provided the human-adapted lineages with new opportunities for interspecies gene exchange with closely related streptococcal species already residing in humans. Future studies on comparative genomics of the various species of group A, C, and G streptococci should provide deeper insight into the origins of S. dysgalactiae subsp. equisimilis. That the domestication of animals led to the emergence of new human pathogens has been proposed for the origins of Mycobacterium tuberculosis, the causative agent of human tuberculosis, which is very closely related to the cattle pathogen Mycobacterium bovis (34) .
The genetic uniformity at GAS housekeeping loci suggests that GAS have not frequently received recombinational replacements from GCS or GGS or from other related streptococci and that they may be poor recipients of genetic material from other species. It is unlikely that this is due to the lack of a mechanism for genetic exchange among GAS, since there is strong evidence for recombination from the disruption of deep phylogenetic relationships among GAS and from the occasional noncongruence between emm type and clone (14, 17, 26) . Neither GAS or GCS-GGS are known to be naturally transformable, and generalized transduction by bacteriophage might conceivably be the primary mechanism for gene transfer (48) ; however, the vehicle(s) for lateral transfer of housekeeping loci remains undefined and cannot be deduced from our data.
The finding of identical alleles shared by GAS and GCS-GGS indicates that horizontal gene transfer occurs between these two populations, and therefore, the general failure of GAS to acquire cluster II alleles from GCS-GGS cannot be readily explained by ecological isolation. One possibility is that GAS are inherently less capable than GCS or GGS of acquiring DNA from related species by homologous recombination. Differences in the impact of restriction-modification, heteroduplex formation, and/or mismatch repair systems (29) or in the host cell preference for transducing phage might account for the observed polarity of gene transfer. In fact, such molecular restraints could explain the failure of penicillin resistance genes to spread into GAS from other streptococcal species (20) . As an alternative possibility, the observed polarity could be due to stochastic effects arising from large differences in the population size of GAS versus GCS-GGS, with GAS being larger than GCS-GGS. However, in at least some parts of the world, the prevalence rates for GCS-GGS colonization exceed the rates for GAS (36) .
An important distinguishing feature of GAS and GCS-GGS lies in the relationship between emm type and clone. Among GAS, most isolates of a given emm type are clones or form a clonal complex, as defined by STs with Ն5 housekeeping alleles in common (14) . In sharp contrast, all 34 GCS and GGS isolates have distinct allelic profiles, and only one pair of isolates bearing the same emm type have similar genotypes. A critical factor may be differential rates of genetic recombination for GAS versus GCS-GGS. For GAS, the lack of congruency between gene trees of the different housekeeping loci suggests that over the long term, recombination has been sufficient to eliminate the phylogenetic signal in these trees (17) . However, the index of association (32) shows significant link- FIG. 5 . Model for evolution of GAS, GCS, and GGS. Model for evolution based on selectively neutral housekeeping loci shows divergence of S. pyogenes and S. dysgalactiae subsp. equisimilis into cluster I and II alleles, respectively, followed by more recent interspecies gene flow that is dominated by movement of cluster I alleles from GAS to GCS-GGS. This model also shows that neutral gene flow from GAS donors to GCS-GGS recipients tends to involve larger blocks of DNA (allelic replacements) than the genetic material transferred from the reverse direction (intragenic recombination).
EVOLUTION OF GROUP A, C, AND G STREPTOCOCCI 4867 age disequilibrium among housekeeping loci of GAS when all 100 defined clones are included in the measure. Only when one representative of each clonal complex is considered-selected by truncation of the dendrogram at a genetic distance of 0.3, to yield 72 STs-is there an absence of significant linkage disequilibrium (14) . Thus, recombination rates within GAS, though relatively high, might not be sufficient to break up associations between allelic profiles of housekeeping genes and emm type. The GCS and GGS of S. dysgalactiae subsp. equisimilis show no departure from linkage equilibrium when all 34 STs are compared, and therefore, these organisms could be subject to higher rates of recombination than GAS. A second factor that may contribute to the strength of the association between emm type and ST is the intensity of host immune selection on the emm gene product. Protective immunity against GAS infection is due to antibodies directed against the type-specific portion of emm gene products (M proteins) (11, 28) . Horizontal movement of a given emm type to a new genetic background could lead to competition between the donor and recipient GAS strains, mediated through a shared immunity; the ultimate result would be exclusion of the "least fit" strain (18) . However, for GCS and GGS, it remains unproven that M-type-specific immunity is protective, and there is little evidence that patients produce type-specific antibodies during the course of infection. In general terms, organisms that cause asymptomatic carriage tend not to provoke a robust host immune response (24) . If the emm gene of one GCS or GGS strain moves to another GCS or GGS strain in an environment where selective immune pressures are absent, competition between the donor and recipient strains will be weak and allow coexistence of both strains.
The vast majority of GCS and GGS isolates chosen for this study were found in association with diseased states in humans, and many were recovered from normally sterile tissue sites. Invasive disease is a rare outcome of carriage or infection with either GAS or GCS-GGS. For at least some clones of GAS, invasive disease is highly dependent on host susceptibility factors, and the most virulent clone can also be the most prevalent clone in the community (9) . It remains unknown whether there are intrinsic differences, independent of transmission rates, in the ability of individual clones to cause invasive disease. Future studies of value might measure the prevalence of particular clones of GCS-GGS in association with asymptomatic carriage versus disease and thereby determine whether biologically defined clones differ in their genetic relationships with GAS. It may be that GCS-GGS clones which harbor a high proportion of cluster I alleles are also the most similar to GAS in their disease-causing capacity.
Whether or not the observed directionality of neutral gene flow, from GAS to GCS-GGS, has important implications for the evolution of virulence in streptococci remains to be established. Loci encoding several pathogenicity factors of GAS are present in at least some (if not all) GCS-GGS isolates, including M proteins, fibronectin-binding protein F, streptokinase, C5a peptidase, and streptolysin O; several of the shared loci are highly polymorphic in GAS, and the structural variants often confer unique biological properties. However, the dynamics of neutral versus adaptive gene flow are not necessarily the same, since the effect of natural selection on adaptive loci will be more profound. Also, the recombinational mechanism (site specific versus homologous) associated with the successful movement of a particular gene, as well as the host cell range of its vehicle, can influence the direction of gene movement. For example, the speA and speC genes of GAS, which encode exotoxins that contribute to virulence, are present on bacteriophage and can move into a recipient GAS (and possibly into GCS-GGS) by specialized transduction. While it might be expected that specialized transduction is an efficient way of spreading speA and speC genes among GAS, they have restricted distributions within GAS for reasons that are not yet known (3) . Other virulence genes of GAS that lack homologs in GCS and GGS might be acquired by generalized transduction, followed by recombination that is promoted by homologous flanking loci. Although it is unlikely that we will fully understand the events which influenced the evolutionary history of GAS and GCS-GGS, it would nonetheless be important to know whether a gradual increase in the virulence of GCS and GGS for humans resulting from the horizontal movement of GAS virulence genes is occurring.
